INTRODUCTION
The San Bernardino National Wildlife Refuge was established in 1982 to protect a wetlands habitat for wildlife and several species of fish, including an endangered species of fish the Yaqui topminnow (Poeciliopsis occidentalis sonoriensis). The refuge covers about 2,300 acres of the San Bernardino Valley in southeastern Arizona ( fig. 1) . Marshes, ponds, springs, and flowing wells in the refuge sustain a unique ecosystem, in southeastern Arizona. In 1984, the U.S. Geological Survey, in cooperation with the U.S. Fish and Wildlife Service, began a study to investigate the geohydrologic system in the refuge.
Habitat damage from cattle grazing and land clearing for farming before acquisition of the area by the U.S. Fish and Wildlife Service resulted in a decline in native fish and wildlife (Ben Robertson, Refuge Superintendent, U.S. Fish and Wildlife Service, oral commun., 1987) . Restoration of previously drained wetlands using water from flowing wells and springs has promoted growth of vegetation and an increase in wildlife and endangered fish populations. Ground water is used in restoration because surface-water resources are insufficient and the refuge will require a dependable long-term water supply. Although the quantity of ground water pumped in San Bernardino Valley is small, development in the future could cause the head in the aquifer to decrease and the wells in the refuge to cease flowing. Ground-water pumpage for agriculture in Mexico is expected to increase in the future, and the effects of such pumping on ground-water conditions within the refuge are not known.
This report describes the geohydrologic setting and the occurrence, movement, and chemical quality of ground water on the basis of available data. Geohydrologic characteristics of the refuge are controlled by the physiographic and geologic setting of San Bernardino Valley. Geologic, climatic, water-level, and water-quality data collected throughout the valley were analyzed to define the regional geohydrologic system and to interpret conditions within the refuge boundaries. Eleven wells and two named springs are in the refuge ( fig. 2 ). Wells are numbered in accordance with the Bureau of Land Management's system of land subdivision ( fig. 3 ).
PHYSIOGRAPHY
San Bernardino Valley is partly in the United States and partly in Mexico ( fig. 1 ) . In Arizona, the valley is bounded by the Pedregosa and Perilla Mountains on the west and the Chiricahua Mountains on the north. The Peloncillo Mountains in southwestern New Mexico form the east boundary. The south end of the valley lies in Mexico; however, this report includes only data from the area north of the international boundary. Ephemeral streams drain the mountains that surround the valley and are tributary to Black Draw. Black Draw, which flows southward into Mexico, is the main surface-water drainage in the San Bernardino Valley.
Altitudes range from about 3,400 ft on the valley floor in the San Bernardino National Wildlife Refuge to about 8,000 ft in the Chiricahua Mountains. The valley floor has an average downward slope, north to south, of about 40 ft/mi. Land in San Bernardino Valley is used primarily for cattle grazing. No extensive farming is done in the valley, but land previously cleared for farming is now covered by grass. Land occupied by the refuge and areas upstream along Black Draw were farmed prior to 1980. Vegetation consists of grasses, desert shrubs, cacti, mesquite, and acacia. Cottonwood and willow trees grow near the wetlands. 
GEOHYDROLOGY

Geologic Setting
San Bernardino Valley was formed initially during the middle to late Tertiary Period by steep, normal faulting that occurred near the present basin edges (Menges and McFadden, 1981; Pool, 1985) . The Chiricahua, Pedregosa, Perilla, and Peloncillo Mountains were formed when rock units were displaced upward along faults relative to basin rock units during the Basin and Range structural disturbance (Scarborough and Pierce, 1978) . Sedimentation of the basin was contemporaneous with basin subsidence and resulted from deposition of locally derived sediments and outpouring of basalt. Basin-fill sediments and stream alluvium overlie pre-Basin and Range deposits and bedrock on the valley floor The well numbers used by the Geological Survey in Arizona are in accordance with the Bureau of Land Management's system of land subdivision.
The land survey in Arizona is based on the Giia and Salt River meridian and base line, which divide the State into four quadrants. These quadrants are designated counterclockwise by the capital letters A, B, C, and D.
All land north and east of the point of origin is in A quadrant, that north and wesi in B quadrant, that south and west in C quadrant, and that south and east in D quadrant. The first digit of a well number indicates the township, the second the range, and the third the section in which the well is situated. The lowercase letters a, b, c, and d after the section number indicate the well location within the section. The first letter denotes a particular 160-acre tract, the second the 40-acre tract, and the third the 10-acre tract. These letters also are assigned in a counterclockwise direction, beginning in the northeast quarter.
If the location is known within the 10-acre tract, three lowercase letters are shown in the well number.
In the example shown, well number (D-4-5)19caa designates the well as being in the NE^NE^SW1 sec. 19, T. 45., R. 5 E. Where more than one well is within a 10-acre tract, consecutive numbers beginning with 1 are added as suffixes. ( fig. 4) . In southern Arizona, basin-fill sediments have been subdivided into a lower and an upper unit on the basis of structural and stratigraphic characteristics (Pool, 1985) . Hydrologic characteristics of San Bernardino Valley are influenced by geologic structure, rock type, and climate.
The mountains surrounding the valley are composed of igneous, metamorphic, and sedimentary rocks of Paleozoic to middle Tertiary age (Cooper, 1959) . Some pre-existing faulted and folded sedimentary and volcanic rock units were displaced in mountain blocks and basin blocks during basin formation. The consolidated rocks store and transmit small quantities of water through fractures but generally act as barriers to ground-water flow in the basin sediments. Limestone crops out in several places east of the refuge and north of the international boundary (Cooper, 1959) , but the subsurface extent is unknown.
Basin-fill sediments consist of unconsolidated to wellconsolidated alluvial material of Cenozoic age derived from the rocks of surrounding mountains interlayered with late Tertiary and Quaternary basalt layers (Cooper, 1959; Lynch, 1978) . The lower and upper units of the basin-fill sediments generally are coarse grained near the basin boundaries and fine grained near the basin center.
Lower basin fill generally is more fine grained than the upper basin fill and was deposited during the early stages of the Basin and Range structural disturbance when relief was not great and the basin drainage was not established. Sediments in the lower part of the lower basin fill consist of mudstone and siltstone that contain 80 percent or more silt and clay and locally include disseminated gypsum. Sediments in the upper part of the lower basin fill generally are coarser than sediments in the lower part and contain 55 to 80 percent silt and clay, do not contain evaporites, and can have sand and gravel lenses (Pool, 1985) .
Upper basin fill generally consists of clay, silt, and sand layers that interfinger with late Tertiary and Quaternary basalt flows and tuff deposits. The upper basin fill was deposited during a period of transition to integrated drainage among basins and generally lies undisturbed over major Basin and Range faults and pediments (Pool, 1985) . In San Bernardino Valley, however, several minor faults displace the unit (Morrison and others, 1981) . The thickness of the upper basin fill in San Bernardino Valley has not been determined. In many southern Arizona basins, much of the upper basin fill was extensively eroded during and after establishment of regional integrated drainage (Pool, 1985) .
Basalt covers a large surface area in the basin ( fig. 5 ). Volcanism occurred during and after basin subsidence, approximately 3 to 0.27 million years ago (Lynch, 1978) , and produced interfingering of basalt flows with locally produced detritus. Drillers' logs from several wells in the valley indicate the presence of at least eight basalt flows in the basin-fill sediments (Lynch, 1978) . Most basalt flows present on the surface have been highly weathered and relief is slight. Basalt flows abut the Peloncillo Mountains along the east edge of the valley ( fig. 5 ). In the western part of the valley near the Pedregosa Mountains, alluvium has buried the youngest basalt flow. Figure 4 .--Generalized basin structure and stratigraphy of alluvial basins in southeastern Arizona.
Stream channels are cut into alluvium that is composed of unconsolidated gravel, sand, silts, and clays.
This stream alluvium is less than 100 ft thick and is thickest along Black Draw. The deepest part of San Bernardino Valley is in the northwest near the base of the Chiricahua Mountains where depths to bedrock exceed 800 ft (Oppenheimer and Sumner, 1981) .
The basin-fill sediments and basalt flows in the southern part of the valley have been incised by recent streamflow.
In the San Bernardino Wildlife Refuge, significant erosion and subsequent terracing of upper basin-fill sediments have occurred as Black Draw and other drainages downcut into surficial rock material.
The refuge area 
Occurrence and Movement of Ground Water
Basin-fill sediments and stream alluvium are the primary waterbearing units in the San Bernardino Valley aquifer system. Basalt and less permeable sediments restrict ground-water movement and produce confined or semiconfined aquifer conditions in areas where the hydraulic head is sufficiently high. Permeable basin-fill sediments and basalt generally are discontinuous throughout the valley. Interfingering of permeable and relatively impermeable layers has produced many thin, hydraulically interconnected water-bearing zones. Ground water in San Bernardino Valley is recharged by precipitation falling on the high-altitude parts of the basin. Annual precipitation is about 13 in. on the valley floor near the refuge (Stephens Ranch) at an altitude of 4,000 ft. In the Chiricahua Mountains, the precipitation is almost 18 in. at an altitude of 5,340 ft (Rucker Canyon, approximately 10 mi north of Packsaddle Mountain) and more than 25 in. at an altitude of about 7,000 ft (Sellers and others, 1985) . Precipitation that does not evaporate or discharge as plant transpiration infiltrates the soils, percolates through the unsaturated zone, and eventually reaches the water table. Along the base of the Peloncillo Mountains in the eastern part of the valley, extensive alluvial deposits are not present, and recharge to water-bearing units can occur through fractures in and along margins of basalt flows. Surface-water infiltration occurs in the coarse alluvial sediments along mountain fronts and throughout the valley in stream channels.
Data from 57 wells in San Bernardino Valley outside the refuge indicate that withdrawals from 46 wells are used for stock supply, withdrawals from 8 wells are used for domestic supply, and 3 wells are unused (table 1) . Several of the wells used for stock supply also are used for domestic supply. No water is withdrawn for irrigation in the Ground water generally flows from mountain-front recharge areas toward the basin center and then southward. The water moves through the hydraulically connected permeable sediments from areas of high hydraulic head to areas of low hydraulic head. Movement of ground water correlates approximately with directions of surface-water flow.
Some water apparently moves along the basalt layers at shallow depth and discharges through springs or small seeps along the intermediate terrace in the refuge and evaporates or is transpired by vegetation. The flow pattern and extent of this system are not known, and additional points of discharge probably exist elsewhere in the valley or in Mexico. The chemical quality of water from House Spring differs from that of water from refuge wells (see section titled "Chemical Quality of Ground Water," and table 4). Ground water discharges through springs and flowing wells into Black Draw. An unknown quantity of ground water also moves as underflow and discharges south of the refuge in Mexico.
Water Levels
Water levels in San Bernardino Valley have remained stable since initial measurements were made in the mid-1950's. Ground-water discharge from the aquifer has remained stable because irrigation withdrawals in the 13 past were small and stock and domestic water requirements have not increased in the valley. The water level in a well represents the hydraulic head in the aquifer and fluctuates in response to changes in ground-water storage. Ground-water recharge is proportional to the amount of precipitation; thus, increases in precipitation result in increased quantities of ground water stored in the aquifer. Flow from springs and flowing wells also increases in response to increases in the hydraulic head in the aquifer. Because the wells are at the same land-surface altitude, the higher water level in the deep well can be attributed to the deep water-bearing units that have a higher hydraulic head than the shallow water-bearing units.
Well Discharges
Measurements of flow from refuge wells began in December 1983 by personnel of the U.S. Fish and Wildlife Service.
On the basis of discharge measurements made between 1983 and 1988, average well discharge ranged from 6.2 to 108 gal/min (table 3). Annual discharge from the 10 wells, except for well 2, totals about 400 acre-ft or enough water to A deep water-bearing unit contributes to ground-water flow from well 10 on the refuge (depth, 583 ft). Although depths of the other refuge wells are unknown, the presence of artesian flows indicate similar depths with connection to the confined lower water-bearing unit. 2Valve on well 2 remains closed and flow cannot be measured.
3 Casing deterioration has prevented the volumetric measuring of discharge from well 9 after April 18, 1984.
Flowmeter testing showed that most of the ground-water flow to well 10 occurs in units where the borehole has been enlarged by solution of the water-bearing sediments. More than half the ground-water flow occurs at a depth of about 488 ft where the borehole diameter exceeds 17 in. In the uncased part above 300 ft, the borehole diameter is about 10 in. Flow to the well also occurs from 310 to 340 ft, 380 to 410 ft, and 494 to 500 ft. The diameter of the borehole is about 12 in. from 310 to 340 ft, 15 in. from 380 to 410 ft, and 11 in. from 494 to 500 ft. No flow was measured below 500 ft. The lateral extent of these zones cannot be determined with present (1989) data. Effects of pumping on water levels and discharge rates in this area have not been defined by thorough aquifer analysis. contaminant levels for non-community water systems (Gillen, 1987; U.S. Environmental Protection Agency, 1986) . Concentrations in spring-water samples were below State of Arizona maximum allowable limits established for surface-water aquatic and wildlife protected-use basins (Gillen, 1987) . State of Arizona standards for surface-water quality, however, have not been established for San Bernardino Valley.
The springs and 17 of the wells sampled are in the southern and eastern part of San Bernardino Valley. Well (D-21-30 )32acb is about 14 mi north of the refuge near the west edge of the valley. Springs sampled were Astin Spring, north of the refuge, and House Spring, in tne refuge near the restored ranch house. Only water-quality data were collected at well (D-24-30) 24dba. The well does not flow and is not used in wetland restoration. Samples were collected from refuge wells 1, 3, 4, 6, 8, and 10. Depths of wells sampled ranged from 100 to 865 ft, and seven wells have unknown depths. Of the 12 wells located outside the refuge, water from 11 wells is used for livestock supply and water from 1 well is used for domestic supply (table 1). Water from House Spring is used for domestic supply and water from the refuge wells is used to maintain wildlife habitats.
Ground-water chemistry generally is controlled by environmental factors such as precipitation, biologic and biochemical processes, lithology of aquifer materials, and surface characteristics of recharge areas. The chemistry could be altered along ground-water flow paths from recharge areas to discharge areas (Hem, 1985) . Variability in concentrations of constituents reflect lateral and vertical changes in aquifer lithology.
Water from several wells to the west, east, and north of the refuge exhibit chemistry typically related to calcium carbonate source materials. Calcium concentrations ranged from 50 to 150 mg/L (milligrams per liter) , and alkalinity ranged from 334 to 927 mg/L as CaC03 in water from wells (D-24-29)09cac, (D-24-31)03bab, (D-24-31)lOccc , and (D-23-30)36bab. Magnesium and sodium concentrations ranged from 32 to 57 mg/L and 50 to 240 mg/L, respectively. Hardness values in samples from these wells ranged from 260 to 590 mg/L as CaC03 . Water from the four wells had specific-conductance values that ranged from 730 to 1,700 /zS/cm (microsiemens per centimeter) and dissolved-solids concentrations that ranged from 602 to 1,070 mg/L. Total nitrogen concentrations ranged from 0.030 to 3.20 mg/L. Three of the wells are near limestone outcrops in the southeastern part of the valley and possibly could penetrate one or more calcium carbonate type rock layers in the subsurface. One well is west of the refuge and possibly penetrates calcium carbonate type rocks of the Perilla Mountains.
Concentrations of major constituents (Hem, 1985, p. 54) generally were smaller in the remaining 14 wells. These wells generally yield a moderately hard to very hard sodium bicarbonate water. Calcium concentrations ranged from 5.4 to 98 mg/L, and alkalinity ranged from 144 to 243 mg/L as CaC0 3 . Magnesium and sodium concentrations ranged from 2.9 to 32 mg/L and 20 to 110 mg/L, respectively. Hardness values generally were lower for these 14 wells and ranged from 26 to 290 mg/L. Spec if icconductance values ranged from 304 to 702 /zS/cm, and dissolved-solids concentrations ranged from 209 to 477 mg/L. Total nitrogen concentrations ranged from 0.0820 to 7.80 mg/L.
The water discharged at House Spring is a very hard, magnesium bicarbonate type that generally contains greater concentrations of major constituents than does water from the refuge wells.
The calcium concentration was 23 mg/L, and alkalinity was 225 mg/L as CaC0 3 . Magnesium and sodium concentrations were 30 mg/L and 46 mg/L, respectively. The hardness value was 180 mg/L as CaC0 3 , specific conductance was 553 /iS/cm, and dissolved-solids concentration was 331 mg/L. Total nitrogen concentration in water from House Spring was 4.1 mg/L. The greater concentrations of nitrogen measured in House Spring and several wells outside the refuge could result from nitrate formed from the solution of nitrogen-bearing caliche deposits (Halpenny and others, 1952) , from livestock operations near recharge areas (Hem, 1985) , or from a combination of these and other factors.
Analyses of water from the six refuge wells and House Spring for arsenic, chromium, lead, and selenium showed concentrations below State of Arizona maximum allowable limits established for aquatic and wildlife protected use. One sample from well 10 was analyzed for mercury, and samples from wells 1, 3, 4, 6, 8, and House Spring were analyzed for cadmium. Mercury and cadmium concentrations were below the maximum allowable limits.
Eight samples from four refuge wells were analyzed for radionuclides.
Dissolved gross beta activities ranged from 3.3 to 31 pCi/L (picocuries per liter) . Suspended gross beta activities ranged from 0.7 to 33 pCi/L in five samples and were undetected in three samples. Dissolved gross alpha concentrations ranged from 3.7 to 81 /ig/L (micrograms per liter). Suspended gross alpha concentrations were 1.5 and 34 /Jg/L in two samples and undetected in six samples.
Concentrations of radon, uranium, and radium-226 were not determined in water from the four wells, and therefore compliance with Federal and State of Arizona drinking water maximum contaminant levels for gross alpha activity cannot be determined. Gross alpha concentrations were within a typical range for natural water (Hem, 1985) . Analyses of samples done by Arizona State University indicated that no manmade radionuclides were present (John W. McKlveen, Director, Radiation Measurements Facility, Arizona State University, College of Engineering and Applied Sciences, written commun. , 1986); therefore, radioactivities resulted from naturally occurring materials in the ground-water system.
POTENTIAL FOR LONG-TERM WATER SUPPLY
Ground-water withdrawals in San Bernardino Valley north of the international boundary with Mexico have remained relatively constant because of the absence of large-scale irrigation. Water levels have fluctuated because of changes in precipitation amounts but have remained stable since the mid-1950's. Effects of irrigation pumping in Mexico on ground-water conditions in the refuge are not known. Long-term discharge or water-level measurements have not been made on the refuge wells, and detailed records of pumpage in Mexico are not available.
The response of the ground-water system to pumping stress is dependent on pumping locations and the geometry and characteristics of the aquifer. Thickness, lithology, and permeability of water-bearing units determine ground-water flow rates. Ground-water withdrawals from wells near the international boundary would have the greatest effect on flow from refuge wells. The effect of large withdrawals on flow from refuge wells is determined by the degree of hydraulic connection between the water-bearing units. The deep water-bearing unit or the units that provide water to refuge wells probably are hydraulically connected to shallower units through discontinuities in overlying fine-grained layers. Under present (1989) conditions, ground-water withdrawals in Arizona and in Mexico do not severely affect flow rates at refuge wells.
Additional information is needed to evaluate the ground-water system and determine the potential for long-term supply. Measurements of aquifer characteristics such as transmissivity, hydraulic conductivity, and storage coefficient would allow for more accurate predictions of water-level declines caused by pumping. Data relating to the thickness and lateral extent of alluvial and basalt units, in addition to aquifer characteristics, would provide more detailed information on hydraulic-head relations and ground-water movement. Close monitoring of discharge from refuge wells, ground-water quality, and pumping in nearby areas could identify trends or changes in ground-water conditions. Available data are insufficient to accurately predict aquifer response to increased pumping of ground water.
SUMMARY
The hydrologic system in the San Bernardino National Wildlife Refuge provides an adequate ground-water supply for restoration and maintenance of the unique wetlands habitat for fish and wildlife. Surface-water supplies in the area are sparse and unreliable, and thus habitat restoration and protection depends on the availability of a reliable supply of ground water of acceptable chemical quality.
Results of field investigations pertaining to geology, water quality, aquifer hydraulics, and water use indicate that an adequate supply of good-quality water is available under existing hydrologic conditions. Small quantities of artesian flow are available from nine wells, and small pumps could be used to increase water quantity for shortterm demands. The total effects of environmental stresses on the groundwater system, however, cannot be evaluated on the basis of available data. Further studies involving additional data-collection activities, including data on we 11-discharge rates, ground-water quality, and pumpage in areas near the refuge, could provide information necessary for a more accurate evaluation of the hydrologic system. 
